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Abstract 
For shuttle transport of liquid CO2 in ship-based CCS, the cargo conditions were investigated in view of 
the pressure tank manufacturability, the cost of the tanks and the carrier vessel, the total energy efficiency 
of the CO2 flow, etc. 
 
 In a CCS chain, since the critical path might be the injectivity of the well, the unit cargo of a carrier 
vessel is set to 3000 tonnes, which is equivalent to the Sleipner case, annual injection rate of ca. 1 million 
tonnes.          
 The physical properties of CO2, specifically the vapor liquid equilibrium properties of CO2, are such that 
the design of a storage tank for the containment of liquid carbon dioxide is very similar to existing 
designs for intermediate pressure liquefied petroleum gas (LPG) containment systems. The design 
methodology for LPG cargo tanks is well understood and is regulated by international standards 
(specifically the International Code for the Construction and Equipment of Ships Carrying Liquefied 
methodology employed in this study, which is for the marine transport of LCO2 is exactly the same as 
described by the IGC code and subject to Classification Society rules. These design rules are well proven 
with literally hundreds of LPG carriers operating worldwide in an industry that has an excellent safety 
record since the advent of LPG bulk marine transport in the early 1960s. 
      The proposed ship design which installs two cargo tanks was as follows: 
- the volume of the tanks is about 1500 m3 and design pressure and temperature are 3.10 MPa and 
munus 10 degC, respectively. 
- The shape of the tanks is a cylindrical bilobe with single cylinder radius of 3.50 m and 26.96 m 
in length  
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     The necessary facilities for LCO2 loading from land-based storage tanks are also examined, including 
CO2 buffer storage tanks, the loading pumps, the loading arms, and so on.  The offshore delivery and 
injection system are investigated and the resultant design proposal was as follows: the temperature of the 
cargo LCO2 is raised to 5 degC by on-board heat exchange system using the ambient seawater.  
      The cost estimate of the proposed system will be also given in the presentation. 
 
   The study is a part of the Preliminary Feasibility Study on CO2 Carrier for Ship-based CCS  and its 
follow-up study sponsored by Global CCS Institute and conducted by Chiyoda Corporation. The other 
technical parts of the study are Ship-based offshore CCS featuring CO2 shuttle ships equipped with 
injection facilities  by M Ozaki et al,  Offshore operational availability of onboard direct injection of 
CO2 into sub-seabed geological formations  by T Miyazaki et al, and Onboard CO2 injection into 
subseabed geological formation via picked-up flexible pipe  by N. Nakazawa et al.    
 
 
© 2013 The Authors. Published by Elsevier  Ltd.  
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1. Introduction 
 
The study is a part of the Preliminary Feasibility Study on CO2 Carrier for Ship-based CCS  and its 
follow-up study sponsored by Global CCS Institute and conducted by Chiyoda Corporation. The other 
technical parts of the study are Offshore operational availability of onboard direct injection of CO2 into 
sub-seabed geological formations  by T Miyazaki et al, and Ship-based CO2 Injection into Subseabed 
Geological Formations using a Flexible Riser Pipe Pickup System  by N. Nakazawa et al.   
This paper presents the CO2 carrier and cargo tank design conditions, the on-board pumping and 
heating requirements and a cost estimate of the proposed system. 
The concepts of Ship-based CCS will provide a path to frequent transport by a number of small to 
medium sized ships and direct injection to the well(s) from the ships through the unmanned offshore 
facilities.  
 
2. CO2 carrier and cargo tank 
 
Design conditions for CO2 carrier and cargo tank are shown in Table 1. 
In a CCS chain, since the critical path might be the injectivity of the well, the unit cargo of a carrier vessel 
is set to 3000 tonnes, annual injection rate of ca. 1 million tonnes.   
Temperature and pressure of liquid CO2(LCO2) are set to minus 10 deg.C and 2.65 MPa,  respectively, 
in view of cargo tank design and reducing energy for  liquefying CO2 offshore and heating LCO2 onshore. 
2.1 Outline of liquid CO2 carrier 
The ship is equipped with two units of storage tanks of LCO2, and the technical information of the 
storage tanks is described below. 
The ship is kept her position at one point during the injection operation offshore using a Dynamic 
Positioning System (DPS), consisting of one azimuth propeller (ship aft) and two side thrusters (ship fore).  
To investigate a required capability of the DPS for the carrier ship with a cargo LCO2 capacity of 3000 
tons, a DPS simulation study was carried out under the combined disturbance conditions of wind, wave 
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and current. From a marine and weather database for offshore locations, a site was arbitrarily chosen for 
the DPS simulation calculation. The investigation was conducted for seeking the requirement of the ship 
capability to assure the shipment efficiency above can perform above 90% in a yearly basis. 
 
Table 1. Design conditions for CO2 carrier and cargo tank 
Item Design conditions Remark 
1.Temperature of the liquid minus 10 deg.C  
2.Vapour pressure of the liquid 2.65 MPa  
3.Rise of pressure* of theLCO2 
about 0.1MPa after 3-day 
duration 
 
4.maximum working pressure 2.8 MPa.  
5.Number of tank two (2) units  
6.Volume of tank about 1,500 m3 (each)  
7.Total volume of tanks about 3,000 m3  
8.Design temperature of the tank minus 10 deg.C Same as Item No.1 
9.Design pressure of the tank 3.10 MPa equal to the pressure setting of 
the relief valve 
 
During cruising of the ship between the emission source onshore and the injection point offshore, the 
azimuth propeller acts as the main propulsion device. Electric power is supplied by either of two 
generators driven by Diesel engines. Each generator can supply the sufficient power to the azimuth 
propeller so that one generator failure will not miss the power to sail the ship. 
The following figure and table show the ship profile and the principal particulars of the vessel. 
 
 
Fig. 1. General arrangement plan 
 
 Noriyuki Kokubun et al. /  Energy Procedia  37 ( 2013 )  3160 – 3167 3163
Table 2.  Principal particulars of the LCO2 carrier 
Item Sub-item Particulars Remark 
Hull L(over all) 94,200mm  
 L(pp) 89,600mm  
 B(mould) 14,600mm  
 D(mould) 6,900mm  
 D(design) 5,600mm  
Machinery Sid thrusters(variable pitch) 1,150kW   2 sets  
 Azimuth propeller 3,000kW   1 set Main propulsion 
 Power generator(Diesel driven) 3,500kW   2 sets  
Ship speed NSR (90%) 15.0 knot  
 
2.2 Cargo tank design 
The physical properties of CO2, specifically, the vapour liquid equilibrium properties of CO2, are such 
that the design of a storage tank for the containment of liquid carbon dioxide is very similar to existing 
designs for intermediate pressure liquefied petroleum gas (LPG) containment systems. The design 
methodology for LPG cargo tanks is well understood and is regulated by international standards 
(specifically the  International Code for the Construction and Equipment of Ships Carrying Liquefied 
Gases in Bulk ; IGC code) and Classification Societies (such as DNV, BV and LRS). The design 
methodology employed in this study which is for the marine transport of LCO2 is exactly the same as 
described by the IGC code and subject to Classification Society rules. These design rules are well proven 
with literally hundreds of LPG carriers operating worldwide in an industry that has an excellent safety 
record since the advent of LPG bulk marine transport in the early 1960s. 
2.3 Material 
Quenched and tempered carbon steel for low temperature use 
Tensile strength 795N/mm2, Yield strength 685N/mm2 
According to JIS SHY685 (use at minus 10 deg.C ) 
2.4 Manufacturability 
The tank shape is of a Bi-lobe type. Consequently the diameters of cylindrical tanks are considerably 
reduced and the thickness of the wall is also kept to minimum to avoid various requirements for thicker 
plates. 
The liquid temperature is kept above minus 10 deg.C. The reduced thickness of the tank plate and the 
designated liquid temperature exclude the requirement of the heat treatment procedure after welding and 
assembling the tank parts. 
2.5 How to decide the scantlings of tanks 
1) Thickness of the tank plate 
Normally the Classification Society requires the heat treatment after assembling the tank if the plate 
exceeds 40mm in thickness. And in case the liquid temperature is below - 10 deg.C, the anneal-purpose 
heat treatment (for relieving the stress) is also required after assembling the tank. 
This is the reason why the bi-lobe shape is adopted to keep the plate thickness as thin as possible. 
2) Design basis for cargo tank 
The design of the cargo tanks should be in accordance with the International Code for the Construction 
and Equipment of Ships Carrying Liquefied Gases in Bulk; also known as the IGC code.  This code has 
been used as the basis for the design of cargo tanks for liquefied petroleum gas (LPG) since the 1960s.  
The physical properties, more specifically the vapour liquid equilibrium properties of carbon dioxide 
above 0.6 MPa are remarkably similar to those of LPG and it is noted that the Classification      Societies 
have already included considerations for carbon dioxide within their design rules.  Hence the design 
undertaken here makes use of existing rules and standards from an established industry; that is the 
industry concerned with the marine transport of liquefied gases.   
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The choice of cargo tank design pressure is determined by the vapour pressure of carbon dioxide at -10 
deg.C with operating and safety margins; to allow for pressure increase during voyage and additionally to 
allow for the operation of the cargo tank pressure relief valves.  The initial design concept was to allow 
for approximately up to 3 days of voyage between loading and unloading of the carbon dioxide cargo.  
Using industry standards for insulation type and insulation thickness, it is possible to calculate the 
quantity of heat ingress to the cargo tanks during a 3 day voyage and determine that an insulation 
thickness of 250mm is sufficient to allow for a 3 day voyage during which the pressure rise is limited to 
less than 0.15 MPa.  This determines the maximum working pressure of the cargo tanks to be an 
MPa it has been calculated that the required steel thickness for the cargo tank is commercially available 
and adheres to industry standards and hence the design will be viable.  It is common industry practice to 
allow a safety margin of 10% for the operation of the safety valves and hence the design pressure of the 
cargo tanks is determined to be 3.1 MPa. 
It is noted that the heat ingress to the cargo tanks is calculated with an ambient air temperature of 45 
deg.C and an ambient sea temperature of 32 deg.C.  These conditions are more stringent than the normal 
ambient conditions around the coast of Japan.  The result of this investigation is a carbon dioxide carrier 
that will load at 2.65MPa and minus 10 deg.C and travel for up to 3 days during which heat ingress from 
the surroundings will cause the carbon dioxide to warm up leading to an increase in pressure of up to 
0.15MPa and a resulting pressure of 2.8 MPa.  The carbon dioxide will then be unloaded with sufficient 
margin between the maximum operating pressure and the safety valve relief pressure of 3.1 MPa.  This 
design is viable and in line with existing standards for proven designs within the marine transport of 
liquefied gases industry. 
The configuration of liquid CO2 tank is shown in Fig.2. 
 
 
Fig. 2 Configuration of liquid CO2 tank 
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3. On-board pump and heating 
 
3.1 Outline of flow 
The CO2 injection flow is shown in Fig. 3. The loading arm of CO2 shuttle tanker is connected to the 
CO2 injection flexible riser pipe at the injection point,  and the CO2 stored in the cargo tanks is sent to the 
CO2 injection pump where it is pressurised to the injection pressure (10 MPa).The CO2 is then heated to 
the injection temperature (5 deg.C) at the CO2 heater (using sea water and hot water from the engine). 
In the gasification plants for liquefied natural gas, the same kind of cooled seawater is being discharged 
to the environment. In the particular case of the proposed system, the affected area might be limited to 
nearby the carrier vessel, and the water depths of the CO2 storage site are greater than those of LNG 
stations. Generally, the offshore area is oligotrophic, and hence has relatively low productivity and 
biodiversity. Anyway, its environmental impact can be assessed by the conventional methodology. 
The pressurized and heated CO2 is sent through the CO2 injection flexible riser pipe to the wellhead 
equipment installed on the seabed at the injection point. The CO2 is then injected into the underground 
geological formation at the scheduled injection rate set for the individual wells, while the injection rates 
are controlled by flow control valves (electrically controlled) installed at the wellhead. Data signals on the 
flow rate are sent from the wellhead to the injection control system on the CO2 shuttle tanker to monitor 
and control the injection condition. 
The data related to the injection operation and the conditions of the injection wells are transmitted from 
the communication buoy to the CO2 shuttle tanker and the injection control center. 
3.2 Major Equipment 
(1) CO2 injection pump: 150m3/hr, 450kW 1set 
(2) Sea water pump: 200m3/hr, 18.5kW 1set 
(3) CO2 heater: Heating area=125m2 1set 
(4)    Injection control system 
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Fig.3 CO2 injection flow 
 
4. Cost estimate of the proposed system 
 
4.1 Economic analysis of the proposed transport system 
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The economic analysis of the proposed CO2 transportation system is evaluated using following 
indicators. 
 - Capital cost: construction cost of whole plants and facilities  
 - Injection cost: Annual cost and cost per kg-CO2  
These costs are indicated using Japanese yen and also Australian dollar. 
4.2 Basis of economic analysis 
Evaluations are using the following basis: 
1) Scope of proposed CO2 transportation system 
(1) Onshore plant: loading section (CO2 tank, CO2 loading pump, loading arm and related 
equipments) 
(2) CO2 shuttle tanker including on-board CO2 injection pump, sea water pump, CO2 heater, 
Injection control system and riser winch. 
(3) Offshore facilities: CO2 injection riser and buoy. 
The followings are out of scope. 
(1) CO2 capture facilities 
(2) CO2 gathering pipelines 
(3) CO2 compression & liquefier facility (the information of the facility is reported as references) 
(4) CO2 Loading berth 
(5) CO2 wellhead equipment 
(6) Pipelines between wellhead equipment and injection well 
(7) CO2 injection wells 
2) Injection capacity of proposed CO2 transportation system 
(1) Nominal injection capacity: 1,000,000 tons/year 
(2) Operation factor: 350 days/year 
(3) Transport capacity of CO2 shuttle tanker: 2,858 tons/shuttle 
(4) Net injection capacity: Capacity calculated by next formula 
Net injection capacity= Injection capacity - Discharged CO2 
Note: Discharged CO2 is calculated from electricity and fuel oil consumption of onshore facilities and 
CO2 shuttle tanker base on CO2 discharged index of the Japanese Ministry of the Environment. 
  - Electricity: 0.561 kg-CO2/kWh 
  - Fuel oil:  2.71 kg-CO2/kL-oil 
3) System life  
30 years after the start of injection. 
Each plant and facilitie life is as follows: 
(1) Onshore plant: over 30 years 
(2) CO2 shuttle tanker: 15 years, CO2 shuttle tanker will be changed to new tankers 15 years after 
the start of injection. 
(3) Offshore facilities: 30 years  
4) Standby period for CO2 shuttle tanker  
For breakdowns / out-of-service: 25% of the period number, considering the maintenance period (3 
weeks/2 years) of tanker. 
5) Method for evaluating injection cost 
Structure and components of injection cost are defined as follows: 
(1) Capital related cost (interest, depreciation) 
(2) Management cost (maintenance, insurance, property tax, satellite communication, 
administration) 
(3)  
4.3 Case study of economic analysis 
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The economic analysis of the proposed CO2 transportation system is evaluated by the following two 
cases.  
1) Case-1: 200 km distance and 2 (two) tankers operation case 
(1) Distance from onshore base to Injection point: 200 km 
      Number of CO2 shuttle tanker in operation: 2 (two) 
(2) Loading: 1/4 day, (3) Shuttle: 3/4 day, (4) Injection: 1 day 
(5) Total 2 days 
2) Case-2: 400  800 km distance and 4 (four) tankers operation 
(1) Distance from onshore base to Injection point: 400  800 km 
   number of CO2 shuttle tanker in operation: 4 (four) 
(2) Loading: 1/4 day, (3) Shuttle: 2 and 3/4 day, (4)  Injection: 1 day 
(5) Total 4 days 
The results of economic analysis are shown in Table.3, Table.4. 
Injection cost total of case-1 is 21.9 AU$/t-CO2 and  injection cost total of case-2 is 36.9 AU$/t-CO2. 
 
Table 3. Case-1 : 200 km distance and 2 (two) tankers operation case, average in system life (30 years) 
Items Unit Loading Shuttle Injection Total 
Capital cost Mill. yen 4,300 6,520 900 11,720 
 Mill. AU$ 49.6 75.2 10.4 135.2 
Injection cost total 
Mill. yen/year 388.27 999.10 503.04 1,890.41 
AU$/kg-CO2 0.0045 0.0116 0.0059 0.0219 
 
Table 4. Case-2 : 400  800 km distance and 4 (four) tankers operation, average in system life (30 years) 
Items Unit Loading Shuttle Injection Total 
Capital cost Mill. yen 4,300 13,040 900 18,240 
 Mill. AU$ 49.6 150.5 10.4 210.5 
Injection cost total 
Mill. yen/year 388.27 2,089.32 695.04 3,172.63 
AU$/kg-CO2 0.0045 0.0243 0.0081 0.0369 
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